ABSTRACT Chemical tags can be used to selectively label proteins with fluorophores that have high photon outputs. By permitting straightforward single molecule (SM) detection and imaging with organic fluorophores, chemical tags have the potential to advance SM imaging as a routine experimental tool for studying biological mechanism. However, there has been little characterization of the photophysical consequences of using chemical tags with organic fluorophores. Here, we examine the effect the covalent trimethoprim chemical tag (A-TMP-tag) has on the SM imaging performance of the fluorophores, Atto655 and Alexa647, by evaluating the photophysical properties of these fluorophores and their A-TMP-tag conjugates. We measure SM photon flux, survival lifetime, and total photon output under conditions that mimic the live cell environment and demonstrate that the A-TMP-tag complements the advantageous SM imaging properties of Atto655 and Alexa647. We also measure the ensemble properties of quantum yield and photostability lifetime, revealing a correlation between SM and ensemble properties. Taken together, these findings establish a systematic method for evaluating the impact chemical tags have on fluorophores for SM imaging and demonstrate that the A-TMP-tag with Atto655 and Alexa647 are promising reagents for biological imaging.
INTRODUCTION
Single molecule (SM) imaging of biomolecules has transformed our ability to probe biology (1) (2) (3) (4) . Over the past decade, SM imaging has provided insights into the molecular mechanism of motor protein walking (5) , conformational transitions of the ribosome (6) , and structural heterogeneity in enzyme catalysis (7) , among others (8) (9) (10) (11) (12) . However, these studies often rely on reconstituted pathways, which are not representative of native cell conditions and not suitable for investigating biological processes such as spliceosome (13) , replisome (14) , and protein kinase signaling activity (15) . Broadly accessible SM imaging in live cells or whole-cell extracts would be transformative for studying biological mechanism, but requires the ability to selectively label proteins with bright and photostable fluorophores that can overcome background and cellular autofluorescence. Fluorescent proteins (FPs) are genetically encoded and inherently selective, but generally lack sufficient photon output for SM imaging. Although the best organic fluorophores have nearly an order of magnitude greater photon output than the FPs (5, (16) (17) (18) (19) (20) , they lack labeling selectivity. By combining genetic encoding with the advantages of organic fluorophores, chemical tags can overcome the need for selective fluorescent labels in SM imaging.
Chemical tags fluorescently label proteins for high performance imaging applications by genetically fusing proteins to a polypeptide that binds to an organic fluorophore. The modularity of the chemical tags allows labeling with a wide variety of commercially available organic fluorophores with similar selectivity as the FPs (21, 22) . Chemical tags, such as the TMP-tag (23), SNAP-tag (24) , and Halo-tag (25) have been used extensively for biological imaging, including live cell SM super resolution imaging (26) (27) (28) . Based on the high affinity interaction between trimethoprim (TMP) and Escherichia coli dihydrofolate reductase (eDHFR) (23) , the covalent TMP-tag (A-TMP-tag), is particularly well-suited for SM imaging (Fig. 1 A) . Target proteins are tagged with eDHFR that has an engineered cysteine nucleophile outside the TMP-binding pocket (eDHFR:L28C) and covalently labeled by an acrylamide-TMP-fluorophore (A-TMP-fluorophore) via a proximityinduced Michael reaction between the cysteine and the acrylamide following TMP-eDHFR binding (29, 30) . The selectivity and fast labeling kinetics of the A-TMP-tag has permitted high resolution live cell imaging of both nuclear and cytoplasmic proteins (30) . Permanent labeling by the A-TMP-tag can expand the use of the noncovalent TMPtag, which has established SM imaging capabilities in studies of spliceosome assembly in whole-cell yeast extracts (31) and demonstrations of super resolution imaging of nuclear H2B in live cells (27) . Combining the advantage of covalent labeling with the performance of the noncovalent TMP-tag, the A-TMP-tag meets the rigorous demands for selectively labeling proteins with organic fluorophores for SM imaging.
Broad application of the A-TMP-tag and other chemical tags for SM imaging is dependent on the tags maintaining the photophysical properties of the organic fluorophores used with them. Although the chemical tags are assumed to not impact the properties of organic fluorophores, the tags introduce alterations to both chemical structure and local environment that can significantly impact a fluorophore's SM imaging capabilities. With the A-TMPtag, fluorophore conjugation to the electron-rich small molecule A-TMP may cause quenching by intramolecular electron transfer, which has been previously observed with fluorophores conjugated to O 6 -benzylguanine in SNAP-tag (32, 33) . Furthermore the A-TMP-fluorophore is covalently bound to the eDHFR:L28C protein. Although protein binding may recover quenched fluorescence, as in the case of SNAP-tag (32, 33) , the fluorophore may remain quenched by proximity to electron-rich amino acid residues such as tryptophan, phenylalanine, tyrosine, and/or histidine (34) (35) (36) (37) . These interactions and other effects caused by the A-TMP-tag, such as sterics, local polarity, and electrostatics, may considerably influence fluorophore photon output and resultant SM imaging performance.
Systematic evaluation of the photophysical properties of fluorophores with chemical tags is crucial to realizing the potential of the tags for SM imaging. To understand the impact chemical and environmental modifications of the A-TMP-tag have on fluorophore SM imaging performance, we measure both SM and ensemble properties of fluorophores, fluorophores conjugated to A-TMP (A-TMPfluorophore), and fluorophores conjugated to A-TMP bound to eDHFR:L28C (tagged fluorophore) (Fig. 1 B) . Because overcoming cellular autofluorescence and background noise while minimizing photobleaching are major challenges for biological SM imaging, we focus our investigation on properties corresponding to brightness and photostability. We determine SM photon flux, survival lifetime, and total photon output under different buffer conditions that mimic the intracellular environment. Because SM measurements are technically challenging and require specialized imaging equipment to perform, we sought to measure ensemble properties that could serve as indicators of photon flux and survival lifetime. As a result, we also measure quantum yield and ensemble photostability lifetime. Although ensemble properties are not equivalents for SM properties, correlation between these properties indicates that ensemble measurements can be adapted for more rapid screening of fluorophores and chemical tags that are suitable for SM imaging. We focus our investigation on two fluorophores, an oxazine, Atto655, and a cyanine, Alexa647, because these two fluorophores were used with chemical tags to label nuclear H2B and clathrin-coated pits in the cytosol in demonstrations of live cell SM super resolution imaging (26, 27) . Studying these fluorophores with the A-TMP-tag gives insights into the properties that allow for successful SM imaging. We assess the impact of the A-TMP-tag on fluorophore SM imaging performance by comparing the SM and ensemble properties of Atto655, Alexa647, and their A-TMP-tag conjugates.
MATERIALS AND METHODS

Chemical synthesis
Chemical structures of fluorophores and A-TMP-fluorophores are shown in Fig. S1 in the Supporting Material. Alexa647-NHS ester (Invitrogen, Grand Island, NY), Atto655-NHS ester (Atto tec, Siegen, Germany), Atto680 NHS ester (Atto tec), and Cy3 NHS ester (GE Life Sciences, Piscataway, NJ) were used without further purification to characterize unmodified fluorophores and synthesize A-TMP-fluorophore conjugates. Atto655-biotin was purchased from Sigma and used without further purification for SM experiments.
A-TMP was synthesized as previously described (30) . A-TMP-fluorophores were synthesized by adding 1 mg of fluorophore NHS ester to 500 mL DMF, 1 equivalent of A-TMP, and 5 mL triethylamine (Fig. S1 ). The mixture was stirred at room temperature for 16 h before being concentrated. A-TMP-fluorophores were purified by reverse phase HPLC. Alexa647-biotin for SM experiments was synthesized by adding 1 mg Alexa647 NHS ester and 1 mg Amine-PEG2-amine (Thermo Scientific, Waltham, MA) with 5 mL triethylamine in DMF. The mixture was stirred at room temperature for 16 h before being concentrated. The reaction was purified by reverse phase HPLC.
Protein expression, purification, labeling, and biotinylation
The vector encoding eDHFR:L28C for E. coli overexpression and protein purification has been previously published (29) . Plasmids were expressed in BL21(DE3) pLysS cells (Invitrogen). Cells were grown at 37 C to an OD 600 of 0.6, induced with 0.4 mM IPTG for 3 h, and purified using a nickel sepharose column (HisTrap HP, GE Life Sciences). The protein was dialyzed to phosphate buffered saline (PBS) at 4 C, snap frozen, and stored at À80 C. For preparation of tagged-fluorophores, 200 mM eDHFR:L28C in PBS was thawed at 4 C and incubated with 1 mM A-TMP-fluorophore and 1 mM NADPH (Sigma Aldrich, Saint Louis, MO) for 2 h (Fig. S1 and Fig. S2 ). Unlabeled A-TMP-fluorophore was separated from tagged-fluorophores using 7000 MWCO Zeba desalting spin column (Thermo Scientific) equilibrated with PBS.
The vector encoding of eDHFR:L28C-bioseq, for E. coli expression and protein purification has been previously published (38) . eDHFR:L28C expression and purification were carried our as previously described (39) . eDHFR:L28C-bioseq biotinylation was carried out as previously described (39, 40) . Biotinylated eDHFR:L28C was dialyzed to PBS at 4 C, snap frozen and stored at À80 C, and thawed at 4 C before use in SM experiments. For preparation of biotinylated tagged-fluorophores, 1 mM Biophysical Journal 106(1) 272-278 biotinylated eDHFR:L28C with 2 mM A-TMP-Atto655 or A-TMPAlexa647, and 2 mM NADPH in PBS was incubated for 2 h and used for imaging without further separation.
Single molecule methods
Single molecule imaging of fluorophore-biotin and biotinylated tagged-fluorophores was performed on a homebuilt total internal reflection fluorescence (TIRF) microscope. Samples were immobilized on glass slides passivated with PEG and PEG-streptavidin. Samples were excited with a 633 nm laser at 250 mWatt and imaged until at least 90% of molecules were photobleached. Photostability survival time was calculated by plotting the individual traces of 300-500 individual molecules, identifying the photobleaching times, and fitting those times to a maximum likelihood single exponential fit of survival times. Photon flux was measured by picking 10-20 well-resolved single molecules and integrating the total Gaussian fluorophore signal over time. The background, as determined by the average signal after photobleaching, was subtracted from the average fluorescence signal. The resulting signal was converted to photon flux using the ADU conversion factor that had been determined for that camera using the calibration protocol previously described (41) . Total photon output was calculated by multiplying photon flux by survival lifetime.
Ensemble methods
The quantum yields were determined using the comparative method (42) . Aqueous solutions of fluorophore, A-TMP-fluorophore, and tagged-fluorophore in PBS buffer were diluted to absorbances <0.1 to prevent inner filter effects. Absorbance measurements and spectra were measured using a Tecan Infinite 200 and fluorescence measurements and spectra were obtained with a Horiba Scientific Fluorolog-3 spectrofluorometer. The slope of the plot of fluorescence emission compared to absorbance was compared to that of a quantum yield reference solution under the same excitation and collection conditions. This measurement was repeated in triplicate for each fluorophore. Fluorescence quantum yield standards used were cresyl violet in methanol and Nile blue in methanol.
Photobleaching time constants were determined using a microdroplet photobleaching assay, similar to one used by Tsien and co-workers (43) . Aqueous microdroplets of fluorophore, A-TMP-fluorophore, and taggedfluorophore in PBS buffer were created under mineral oil that had been previously extracted with PBS buffer. The microdroplets were bleached using laser excitation (532 or 633 nm) such that the laser beam incidence was greater than the size of individual droplets.
The absorbance and emission spectra for fluorophores and their A-TMPtag conjugates were measured and recorded in Table S3 . We observed no differences between fluorophores and their A-TMP-tag conjugated for all fluorophores.
RESULTS AND DISCUSSION
SM total photon output
To examine the effect the A-TMP-tag has on SM imaging performance, we determine the total photon output of fluorophores and tagged-fluorophores (Fig. 1 B) . Using TIRF microscopy, we measure SM photon flux and survival lifetime, which are used to calculate total photon output. The need to biotinylate fluorophores for biotin-streptavidin immobilization in TIRF microscopy limits our SM evaluation to fluorophores and tagged-fluorophorea. Photon flux and survival lifetimes for fluorophores and tagged-fluorophores are measured in PBS buffer, PBS buffer containing 10 mM b-mercaptoethylamine (MEA) to reproduce the reducing environment of the cell, and PBS containing 40% whole-cell yeast extract (YE) to reproduce the macromolecular density of the cell. SM photon fluxes and survival lifetimes for fluorophores and tagged-fluorophores for Atto655 and Alexa647 are displayed in Fig. 2 and Table S1 .
Differences in photon flux and survival lifetimes between fluorophores and tagged-fluorophores are generally within 50% and vary between buffer conditions. The photon fluxes of the tagged-fluorophores are either the same or lower than those of their counterparts. In PBS, the tagged-fluorophores have no differences in photon flux from the fluorophores. On the other hand, in YE, the tagged-fluorophores have 30% lower photon fluxes than those of the fluorophores. In MEA, tagged-Atto655 has the same photon flux as that of Atto655 but tagged-Alexa647 has a 20% lower photon flux than that of Alexa647.
The survival lifetimes of the tagged-fluorophores are either higher or lower than those of the fluorophores. In PBS, tagged-Atto655 has a 30% shorter survival lifetime than that of Atto655, whereas tagged-Alexa647 has a 20% longer survival lifetime than that of Alexa647. In the presence of MEA, the tagged-fluorophores have longer survival lifetimes than those of the fluorophores, with 50% longer survival lifetime for tagged-Atto655 and a 30% longer survival lifetime for tagged-Alexa647. In YE, the The fluorophores have greater differences in photon flux and survival lifetime between buffer conditions than between fluorophore and tagged-fluorophores in the same conditions. Both Atto655 and Alexa647 have lower survival lifetimes in MEA than those in PBS, with the survival lifetime of Atto655 in MEA nearly an order of magnitude less than that in PBS. Although the survival lifetime of Atto655 in YE is less than half of that in PBS, the survival lifetime of Alexa647 in YE is 30% longer than that in PBS. The fluorophores have no differences in photon flux between the buffer conditions. Overall, the photon fluxes of Alexa647 are two to three times higher than those of Atto655 across the investigated conditions. However, the survival lifetimes of Atto655 are nearly an order of magnitude greater than those of Alexa647.
SM total photon flux for fluorophores and tagged-fluorophores for Atto655 and Alexa647 are displayed in Fig. 3 and Table S2 . Although the tagged fluorophores exhibit some differences in photon flux and survival lifetime from the fluorophores, the total photon outputs of the tagged-fluorophores is the same or on the same order of magnitude as those of the fluorophores. The total photon outputs of tagged-Atto655 are the same as Atto655 across all the investigated conditions. The total photon outputs of taggedAlexa647 are the same as Alexa647 in PBS and in MEA. Alexa647 in YE is the only fluorophore that exhibits a difference in photon output between the fluorophore and the tagged-fluorophore, with the tagged-Alexa647 having 30% less photon output than that of Alexa647. However, the photon output of tagged-Alexa647 in YE is the same as the photon output of both Alexa647 and tagged-Alexa647 in PBS. The TMP-tag does not affect the overall SM imaging performance of Atto655 and Alexa647.
Overall, the total photon output of Atto655 is approximately an order of magnitude greater than that of Alexa647. Atto655 has the greatest photon output in PBS, which is 2,700,000 5 900,000 photons. However, in YE, Atto655 photon output is 60% less than the output in PBS. Alexa647 has the greatest photon output in YE at 330,000 5 50,000 photons, which is nearly double the photon output in PBS. Both fluorophores have the lowest photon output in MEA, with Atto655 having nearly an order of magnitude lower output than that in PBS and Alexa647 having nearly half the output than that in PBS.
Quantum yield and ensemble photostability lifetime
We measure the quantum yields and photostability lifetimes of Atto655, Alexa647, and their corresponding A-TMP-fluorophores and tagged-fluorophores ( Fig. 1 B) to examine the correlation between ensemble and SM properties. We also perform ensemble measurements on an additional oxazine, Atto680, and cyanine, Cy3, to more broadly understand the impacts of the A-TMP-tag on oxazines and cyanines. The ensemble properties of these fluorophores and their A-TMPtag conjugates in PBS buffer are shown in Fig. 4 and Table S3 .
The two fluorophore classes exhibit trends in quantum yield and photostability lifetime between the fluorophores and their A-TMP-tag conjugates. For Atto655 and Atto680, the tagged-oxazines have the same quantum yields as the oxazines even though the A-TMP-oxazines have lower quantum yields. However, the photostability lifetimes of the A-TMP-oxazines and tagged-oxazines are both shorter than those of the oxazines. For Alexa647 and Cy3, the A-TMP-cyanines and the tagged-cyanines have greater or the same quantum yields as the cyanines. Although the tagged-cyanines have shorter photostability lifetimes than those of the A-TMP-cyanines, they are still longer than those of the cyanines.
Overall, the tagged-fluorophores have the same if not better quantum yield than the fluorophores. Although the tagged-cyanines are more photostable than the cyanines, the tagged-oxazines are less photostable than the oxazines. The A-TMP-tag does not affect the ensemble photophysical properties of the cyanines or the quantum yield of oxazines, but does reduce the photostability of the oxazines. Alexa647 has the highest quantum yield, but is the least photostable out of the examined fluorophores. Atto680, Atto655, and Cy3 are approximately an order of magnitude more photostable than Alexa647, with Atto680 being the most photostable.
DISCUSSION
These results establish that the A-TMP-tag complements the advantageous SM imaging properties of Atto655 and Alexa647, facilitating SM imaging with these fluorophores. Based on the SM examination of these fluorophores and their tagged-counterparts under buffers that mimic the reducing potential and macromolecular density of the cell, we determine that the A-TMP-tag has buffer-dependent effects on photon flux and survival lifetime. However, the A-TMP-tag does not affect total photon output in most cases. Although the A-TMP-tag lowers Alexa647 photon output in YE, this output is the same as that for Alexa647 in PBS. With the best organic fluorophores having photon outputs~10-fold greater than the best FPs (5, (16) (17) (18) (19) (20) , the A-TMP-tag's preservation of Atto655 and Alexa647 photon output is significant for upholding these fluorophores' SM imaging performances. These findings also reveal that Atto655 is superior to Alexa647 for imaging on longer timescales, with survival lifetimes and total photon outputs nearly an order of magnitude greater than those of Alexa647. At the same time, the photon fluxes of Alexa647 are two to three times greater than those of Atto655, making Alexa647 better suited for applications requiring positional localization (44) . The comparative advantages of survival lifetime and photon flux between these two fluorophores are not altered by the A-TMP-tag, further indicating that the A-TMP-tag is a valuable tool for labeling proteins for SM imaging applications.
These findings reflect Atto655 and Alexa647 performance for SM imaging and highlight the importance of fluorophore characterization under different conditions. Recent studies of fluorophore performance in various buffer conditions (45) and in fixed cells (46) have begun to provide guidelines for selecting appropriate fluorophores for SM and super resolution imaging. Our investigation goes a step further by characterizing fluorophores with chemical tags under conditions that imitate those of the live cell. Although we examine fluorophores in a reducing environment and a macromolecularly dense environment, we do not include oxygen scavengers because these conditions are not representative of the native, live cell. As a result, the measured photon output of Alexa647 in this study is lower than that of Atto655, which is the opposite of what has been previously observed with these fluorophores in low oxygen, super resolution SM imaging conditions (46) . Although differences in photon output can vary between experimental setups, Alexa647's lower photon output in this investigation is likely attributed to its sensitivity to photooxidative bleaching as a cyanine (47, 48) along with the use of nondeoxygenated buffers. These results suggest that Atto655 may be more advantageous for oxygenated conditions in live cell imaging, but further investigation is needed to account for fluorophore interactions in cell environments, such as nonspecific binding, which may further impact imaging performance.
Ensemble evaluation of fluorophores gives valuable insights regarding the use of ensemble properties as indicators of SM imaging performance. As a measure of the probability of fluorescence emission, quantum yield is not an ensemble equivalent of photon flux, which is the rate of photon emission from the fluorophore. Although photostability lifetime and survival lifetime are both direct measures of photostability, differences in illumination intensities and imaging conditions can affect these lifetimes as high illumination causes fluorophores to experience more dark state transitions from which they are photobleached (43, 49, 50) . However, we do observe a correlation between the ensemble and SM properties as both Atto655 and Alexa647 experience no changes in quantum yield and photon flux with the addition of the A-TMP-tag in PBS. In addition, the A-TMP-tag lowers both photostability lifetime and survival lifetime for Atto655, whereas the tag raises Alexa647 photostability lifetime and survival lifetime. The ability to measure ensemble properties without specialized equipment and the correlation between the ensemble and SM properties indicates that these ensemble measurements can be applied for wider screenings of chemically tagged fluorophores with advantageous properties that can be later confirmed by SM investigation.
Ensemble measurements also allow separate examination of chemical and environmental effects from the A-TMP-tag because the properties of fluorophores, A-TMP-fluorophores, and the tagged-fluorophores can be measured individually. With the oxazines Atto655 and Atto680, we observe that the A-TMP-oxazines have lower quantum yields, which is consistent with previous observations of quenching by intramolecular electron transfer after conjugation to an electron-rich molecule in these fluorophores and other oxazines (32, 34, 51) . We also observe that taggedAtto655 and tagged-Atto680 have quantum yields that are unchanged for the original fluorophores, an effect that was similarly observed with oxazines and the SNAP-tag (32, 33) , and may be caused by inhibited electron transfer due to the interaction of A-TMP with the eDHFR binding pocket. For the cyanine Cy3, we observe stepwise increases in quantum yield from Cy3, to A-TMP-Cy3, and to taggedCy3, which is consistent with the tag causing steric inhibition of cis-trans photoisomerization in the methionine chain, a mechanism of nonradiative decay (52, 53) . Although a similar trend in quantum yield is not observed with the cyanine Alexa647, its longer methionine chain has a lower rate of cis-trans isomerization (54, 55) that likely reduces the steric effects of the A-TMP-tag on quantum yield. Examining fluorophores with chemical tags using ensemble measurements can provide insights into their interactions and predict whether fluorophores in the same chemical class will behave similarly.
CONCLUSION
Chemical tags are emerging as a strategic experimental tool for selectively labeling proteins with organic fluorophores to meet the demand for fluorescent labels with high photon outputs in SM imaging. As the chemical tags make SM imaging more accessible, there is a growing need for characterization to not only understand the effects the chemical tags have on fluorophores, but also identify chemically tagged fluorophores with suitable properties for SM imaging. We examined both SM and ensemble photophysical properties of the fluorophores, Atto655 and Alexa647, and their A-TMP-tag conjugates. We demonstrated that the A-TMP-tag is an effective labeling reagent for SM imaging because it upholds Atto655 and Alexa647 total photon output. Characterizing these commercially available fluorophores with the A-TMP-tag provides photophysical benchmarks to compare and guide the selection of fluorophores and chemical tags. As the capabilities of chemical tags evolve with the developments of new organic fluorophores and fluorescent materials for biological imaging, this framework can continue to evaluate and identify the most promising fluorophores and chemical tags for SM imaging. By using SM imaging to decipher the complex dynamics of protein function and interaction in live cells, the chemical tags have the potential to revolutionize the study of mechanistic biology.
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